Aims/hypothesis A number of studies have shown that leucocyte telomere length (LTL) is inversely associated with insulin resistance and type 2 diabetes mellitus. The aim of the present longitudinal cohort study, utilising a twin design, was to assess whether shorter LTL predicts insulin resistance or is a consequence thereof. Methods Participants were recruited between 1997 and 2000 through the population-based national Danish Twin Registry to participate in the GEMINAKAR study, a longitudinal evaluation of metabolic disorders and cardiovascular risk factors. Baseline and follow-up measurements of LTL and insulin resistance over an average of 12 years were performed in a subset of the Registry consisting of 338 (184 monozygotic and 154 dizygotic) same-sex twin pairs. Results Age at baseline examination was 37.4± 9.6 (mean ± SD) years. Baseline insulin resistance was not associated with age-dependent changes in LTL (attrition) over the follow-up period, whereas baseline LTL was associated with changes in insulin resistance during this period. The shorter the LTL at baseline, the more pronounced was the increase in insulin resistance over the follow-up period (p < 0.001); this effect was additive to that of BMI. The co-twin with the shorter baseline LTL displayed higher insulin resistance at follow-up than the co-twin with the longer LTL. Conclusions/interpretation These findings suggest that individuals with short LTL are more likely to develop insulin resistance later in life. By contrast, presence of insulin resistance does not accelerate LTL attrition.
Introduction
Age-dependent deregulation of nutrient sensing and telomere attrition are two key features of mammalian ageing [1] . Insulin resistance, which typically increases with age [2, 3] , is the most common form of deregulated nutrient sensing in the general population. If both insulin resistance and telomere attrition reflect in some way the ageing process, is there a connection between telomere dynamics, i.e. telomere length (TL) and its age-dependent attrition, and insulin resistance in humans? A number of studies have addressed this question, examining associations of leucocyte TL (LTL), which largely reflects TL in other somatic cells [4] , with indices of insulin resistance or with type 2 diabetes mellitus. The majority [5] [6] [7] [8] [9] [10] [11] [12] but not all [13, 14] of these studies found that LTL (or TL in subsets of leukocytes) was inversely associated with insulin resistance or that LTL was shorter in patients with type 2 diabetes mellitus than in individuals without the disorder.
Conventionally, the shorter LTL in adults with the metabolic syndrome and insulin resistance has been attributed to an accelerated LTL attrition due to the associated chronic inflammatory state in these individuals. However, this concept has now been challenged by showing that LTL is largely determined early in life [4, 15] . Thus, genetic factors [16] and the intrauterine environment [17] [18] [19] might play a role in fashioning TL, which, in turn, may have a major impact on the risk of metabolic diseases in adulthood. A recent clinical study in American Indians showed that short LTL was associated with the incidence of type 2 diabetes mellitus [20] and obesity [21] . The authors hypothesised that LTL could be used as a predictive marker of diabetes development in American Indians. Weischer et al [22] observed that increased body weight was associated with short LTL cross-sectionally, but not with LTL attrition during a 10-year period [22] . In this study, we applied a longitudinal twin design to assess the extent to which LTL dynamics predicts insulin resistance as assessed by HOMA-IR and its change over a period of 12 years.
Methods
Study population At baseline, a total of 756 intact twins pairs (i.e. 1,512 twins) were recruited between 1997 and 2000 through the population-based national Danish Twin Registry to participate in the GEMINAKAR (Genes, Familiar and Common Environment for the Development of Insulin Resistance, Abdominal Adiposity, and Cardiovascular Risk Factors) study, a longitudinal evaluation of metabolic disorders and cardiovascular risk factors [23] . Individuals without a history of diabetes or cardiovascular disease underwent baseline physical examination and collection of fasting blood samples at one of two examination sites. At follow-up between 2010 and 2012, 1,435 twins were invited and 1139 (>79%) underwent a second physical examination. Here, the twins were visited at home or at work by a mobile examination unit where a similar evaluation and blood collection were performed as at baseline. Both at baseline and at follow-up, glucose and insulin were measured in the fasting state. At baseline, skinfolds were measured three times at four different sites (biceps, triceps, subscapular and suprailiac) using a Harpenden caliper, all on the right side of the body. For this analysis, 338 same-sex twin pairs with complete follow-up were included. They Analyses and measurements Plasma glucose was measured in both visits using the hexokinase/G-6-PDH principle (Architect, Abbott, Lake Forest, IL, USA). Plasma total cholesterol, HDLcholesterol, LDL-cholesterol and triacylglycerol were analysed using enzymatic colorimetric reactions (Modular P, Roche, Rotkreuz, Switzerland). Serum insulin was analysed using a commercial time-resolved fluoroimmunoassay (Perkin-Elmer Life Sciences, Turku, Finland). Measurements of LTL were performed in duplicate on different gels by Southern blots as previously described [24] . The inter-assay coefficient of variation for the duplicate measures was 1.3%. HOMA-IR was calculated according to Matthews et al [25] : HOMA-IR = (insulin [pmol/l] × 0.167) × glucose (mmol/l)/22.5.
Statistical analysis Pairwise comparisons were carried out using the Student t test, Mann-Whitney and χ 2 tests, as appropriate. Pearson correlations, Spearman-rank correlation and linear regression were used to assess associations between LTL and insulin resistance. The correlations between LTL and insulin resistance were also performed after adjusting LTL for age, sex and age, and sex and BMI. Deciles of LTL values for individuals were created to examine the individual's change in rank between the baseline measurement and that at follow-up. A general linear mixed model with twin identity as a random effect was used to determine the effect of LTL on insulin resistance, adjusted for age, sex, zygosity, BMI, and an interaction of sex and BMI. An interaction of zygosity with LTL was also assessed.
Continuous variables are presented as mean ± SD, while categorical variables are presented as percentages (%). Insulin, glucose and insulin resistance are presented as medians and interquartile range (25%, 75%). Table 1 displays the general characteristics of the participants. At baseline, there was no correlation of age or sex with insulin resistance (both p > 0.4, tested with twin identity as a random effect in the model). By contrast, in the follow-up sample, insulin resistance tended to increase with age (F 1,384.1 = 3.19, p < 0.075) and was higher in men than women (F 1,384.8 = 4.03, p < 0.05). Twin identity explained approximately 11% of the variation in insulin resistance in these models. The contrasting results between the baseline and follow-up sample were confirmed by an examination of the change in insulin resistance from baseline to follow-up, which increased with age and was stronger in males (age: F 1,334.2 = 4.05 p < 0.05; sex: F 1,334.2 = 8.07, p < 0.005). BMI and fasting glucose were higher in men than women at both visits, and there was a trend for men to be older (Table 1) . LTL was inversely correlated with age (slope baseline ± SE: −22.0 ± 3.23 bp/year; slope follow-up: −2.0 ± 3.31; both p < 0.001, tested with sex and twin identity in the model). LTL was shorter in men than in women in both models (baseline: −52.7 ± 64.6 bp, F 1,327.2 = 5.59, p < 0.02; follow-up −50.5 ± 63.6 bp, F 1,326.7 = 5.6, p < 0.02). When taking age and sex into account, BMI was negatively associated with LTL at follow-up (slope ± SE: −1.8 ± 5.1 bp/BMI, p = 0.02) but not at baseline (slope ± SE: 0.1 ± 7.0 bp / BMI, p = 0.98). In line with these findings, individuals with long baseline LTL showed Data are means ± SD or median (25-75% interquartile range)
Results
Results of tests for a difference between the sexes were in a model containing only sex and twin identity as a random effect, except for LTL where age was also in the model *p < 0.05, **p < 0.01, ***p < 0.001 BL, baseline; FU, follow-up a smaller increase in BMI from baseline to follow-up (slope ± SE: 21.4 bp/BMI change, F 1,472.6 = 6.06, p = 0.01). A trend for shorter LTL was observed in smokers at baseline and at follow-up but neither difference was statistically significant (baseline −1.2 ± 45.3 bp, F 1,533.9 = 0.83, p = 0.4; follow-up: −7.5 ± 47.0 bp, F 1,474.6 = 2.72, p < 0.1). In unadjusted analyses the skinfold values were associated with BMI and insulin resistance but not with LTL. Previously we reported tracking and fixed ranking of LTL in adults [18] . We replicated these findings in the GEMINAKAR participants. This is displayed in three ways: first, we observed a strong correlation between LTL at baseline LTL BL and LTL at follow-up (Fig. 1a) . Second, we found that the individual's ranking of LTL (by decile) hardly changed between baseline and follow-up, as 93.7% (95% CI 91.5, 95.5%) showed no change in rank or a 1 decile change over the course of the 12 years. Thus, individuals having a short or a long LTL at baseline examination showed the same at follow-up examination (Fig. 1b) . Third, exploiting the twin model, we found that delta (Δ; the intra-pair difference) LTL was highly correlated between baseline and follow-up examinations (Fig. 1c) .
Having established tracking and fixed ranking in LTL, we next examined the association between LTL and insulin resistance. First we assessed the association between insulin resistance at baseline and LTL attrition (Fig. 2a) . This analysis showed that the levels of insulin resistance did not influence LTL attrition. By contrast, changes in insulin resistance over the follow-up period were associated with LTL at baseline: the shorter the baseline LTL the more pronounced the increase in insulin resistance (Fig. 2b) . Similar results were observed when fasting insulin was used in the model instead of insulin resistance. These results held after adjustment for age and sex (Table 2) . Notably, insulin resistance at follow-up was associated with baseline LTL, while insulin resistance at baseline was not significantly associated with baseline LTL (Table 2) . Follow-up insulin resistance was also associated with LTL at follow-up (Table 2) . We included sex as a factor in these models, which explained a significant part of the variance in most cases, but interactions between sex and LTL were not significant when added to the models in Table 2 (p ≥ 0.1). Neither was there a significant effect of zygosity when added to the models in Table 2 , although there was a trend for MZ twins to have higher insulin resistance at follow-up (p = 0.056 when added to Table 2 , other p values ≥0.14). More importantly, interactions between zygosity and LTL did not explain a significant part of the variation (p ≥ 0.28). Similarly, adding age to the models in Table 2 did not change the findings (ESM Table 1 ).
BMI at baseline is associated with variations in insulin resistance [26] , and BMI is also often associated with LTL (see example above). We therefore investigated whether LTL predicts changes in insulin resistance independent of BMI, by adding BMI to the models in ESM Table 1 . The BMI effect may differ between the sexes [27, 28] ; therefore, we also tested the interaction between sex and BMI in these models. A higher BMI was associated with a larger increase in insulin resistance, but adding BMI to the model in ESM Table 1 had little effect on the association between LTL at baseline and change in insulin resistance (ESM Table 2 ). It is noteworthy that the effect of BMI on the change in insulin resistance depended strongly on sex (interaction BMI × sex, p = 0.0004, ESM Table 2 ), being negligible in women and positive in men. Adding the BMI and its interaction with sex to the models in ESM Table 2 further confirmed the result that BMI affects insulin resistance, and that this effect is additive to that of LTL. Insulin resistance is calculated from insulin and glucose values [25] , and it is of interest therefore to investigate whether the association between baseline LTL and the change in insulin resistance was due to changes in glucose, insulin or both. This question was tested by replacing the change in insulin resistance (the dependent variable) in ESM Table 2 with the change in either glucose (ESM Table 3 ) or insulin (ESM Table 3 ) level. Glucose level increased significantly from baseline to follow-up measurement (paired t test, p < 0.0001), but the change in glucose was not associated with baseline LTL (ESM Table 3 ), although the slope was negative. Insulin also increased significantly from baseline to follow-up (paired t test, p < 0.0001) and the change in fasting insulin level was significantly associated with baseline LTL (ESM Table 3 ), being larger with shorter LTL. This result suggests that the association of LTL with change in insulin resistance was mainly attributable to the change in insulin level and to a lesser extent to a change in glucose level.
Next we studied the association between insulin resistance at baseline and LTL attrition over the follow-up period. Participants with higher insulin resistance did not show more pronounced LTL attrition rates (Fig. 2b, p = 0.60, tested with twin identity as a random effect in the model).
We then exploited the twin model to examine determinants of co-twin differences (Δ) in insulin resistance at follow-up Change in insulin resistance (follow-up-baseline) and LTL at baseline (n = 619, R 2 = 0.14). Insulin resistance at follow-up and LTL at baseline (n = 629, R 2 = 0.26)
Insulin resistance and LTL at baseline (n = 629, R 2 = 0.56)
Insulin resistance and LTL at follow-up (n = 611, R 2 = 0.29)
All models included twin identity as a random effect, which explained 5-39% of the variance Sex was coded: women = 0, men = 1 BL, baseline; FU, follow-up visits (Table 3 and Fig. 3 ). These analyses were conducted in the 301 twin pairs with complete data for LTL and insulin resistance at both baseline and follow-up visits. The multivariable model (Table 3 , model 2), including Δ LTL at baseline and zygosity, showed that Δ LTL was a significant determinant of Δ insulin resistance. Zygosity was not a significant determinant (p = 0.08). No significant interaction was observed for zygosity × Δ LTL at baseline on insulin resistance at follow-up. Adding age and sex in the model (Table 3 , model 3) did not modify these results. The probability that the cotwin with the shorter baseline LTL displays a higher insulin resistance at follow-up than the co-twin with the longer LTL was also tested. Wider difference of LTL between the co-twins at baseline was associated with a higher probability that the co-twin with the shorter LTL would display a higher insulin resistance than the co-twins with the longer LTL (Fig. 3) . When fasting insulin was used instead of insulin resistance the results were very similar (data not shown).
Discussion
These longitudinal findings indicate that short LTL is associated with increased insulin resistance over a period of 12 years. This finding was additive to the effect of BMI; it was mainly attributable to an association of LTL with the change in insulin level and to a lesser extent to an association of LTL with the change in glucose level. In addition, insulin resistance did not increase the rate of LTL attrition over this period.
In the population at large, ageing and obesity are associated with increased insulin resistance and LTL attrition. While insulin resistance might not increase with age in all individuals [17] , the evidence indicates that age-dependent LTL attrition is essentially universal in humans [29, 30] . That being said, the effect of LTL attrition during adult life on LTL is relatively small in comparison to LTL at birth and its attrition prior to adulthood. The outcome is that LTL in adults displays tracking and fixed ranking, so that individuals with a short or a long LTL at a young adult age are likely to display a correspondingly short or long LTL later in life [19] . Consequently, the overwhelming majority (93.7%) of participants in the present study have maintained their LTL ranking as they age.
Insulin resistance is the tell-tale sign of diabetes as well as arterial ageing in general and atherosclerosis in particular [31] . The current convention is that inflammation and oxidative stress are the unifying factors that explain the associations of a relatively short LTL with atherosclerosis and with insulin resistance [16, 32] . Both atherosclerosis and insulin resistance are chronic states of indolent inflammation and oxidative stress [33] . Inflammation entails increased haematopoietic stem cell replication to accommodate the inflammatory response, a phenomenon that would heighten the rate of LTL attrition. As the G triplets of the telomeres, which comprise TTAGGG repeats, are highly sensitive to the hydroxyl radical [34] , at least in vitro, oxidative stress might accelerate LTL attrition due to a larger loss of telomere repeats with each replication of cells. Therefore, the shortened LTL in adults has been conventionally attributed to an accelerated LTL shortening occurring in tandem with the processes that bring about insulin resistance and atherosclerosis. In our view, this concept requires major revision, since having a long or a short LTL is principally determined prior to adulthood. One would therefore anticipate that if LTL is inversely related to insulin resistance in adults, a short LTL precedes insulin resistance. Recent experimental and clinical results suggest that this may be the case. Studies in rodents show that shorter telomeres may compromise beta cell function in the pancreas [35, 36] , but in itself this finding is unlikely to explain the LTL-insulin resistance connection in humans, given that insulin resistance largely reflects a diminished response of peripheral tissues to insulin. In mice, short telomeres contribute to metabolic dysfunction through mitochondrial dysfunction [37] , whereas mice with disruption of Rap1, a telomere-binding protein, exhibit accumulation of abdominal fat, insulin resistance and other metabolic abnormalities, suggesting a critical role of telomere biology in body weight homeostasis [38, 39] . Notably, in the present study the baseline LTL values were not correlated with baseline insulin resistance values, whereas such a relationship was found in the follow-up measurements. We suggest that these findings might relate to the young age of the cohort at the baseline visit (mean age 37.4 years), while insulin resistance in most people develops after the fourth decade. It is not surprising therefore that the association between LTL and insulin resistance appeared only in the followup visit, i.e. at a more advanced age. This supposition is supported by the positive correlation between baseline LTL and insulin resistance in the subgroup of participants older than 40 years at baseline (p = 0.025; n = 237, analysis as in ESM Table 1 ).
The findings of the present work support the idea that individuals with inherently short LTL are prone to insulin resistance because their glucose homeostasis might be impaired at a younger age than in their peers with a longer LTL. Our model does not exclude the possibility that inter-individual variation in rate of LTL attrition during adult life [28] might have some influence on the development of insulin resistance.
We would like to underline the strengths and limitations of the study. A first strength is the twin design of the study. In addition, we used the high-precision Southern blot method to measure LTL. A recent study suggested that the quantitative PCR-based method to measure LTL is as reproducible as the Southern blot method [40] . However, a commentary on the study questioned the validity of this argument [41] . In a study that impartially examined the two methods, the inter-assay coefficient of variation of the quantitative PCR method was four times as high as that of the Southern blot method [42] . We also acknowledge limitations of the study. First, participants with diabetes at the baseline visit were excluded from the study and therefore the possibility exists that diabetic patients may have an increase in the rate of LTL attrition. Second, the findings are in twins and warrant replication in singletons. However, age-adjusted values of both LTL and insulin resistance values observed in this study were very similar with those observed in singletons [4, 15, 43] .
Finally, we would like to emphasise that age-dependent deregulation of many biological networks ultimately bring about insulin resistance [44] . Thus, telomere biology might be one among many pathways that ultimately explain the rise in insulin resistance with age and the development of type 2 diabetes mellitus. Through the twin design and the sequential measurements of LTL and insulin resistance over more than a decade, the present study provides new insight into insulin resistance in humans. Duality of interest The authors declare that there is no duality of interest associated with this manuscript.
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